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Abstract

Recycled AISi9Cu3 cast alloy was heat treated by solution
treatment at temperature 515°C (4 hours), quenched and arti-
ficial aged at temperatures 130°C, 170°C and 210°C (2, 4, 8,
16 and 32 hours). Heat treatment led to spheroidization of eu-
tectic Si, gradual disintegration, shortening and thinning of Fe-
rich intermetallic phases, the dissolution of Cu-rich phases and
the precipitation of finer hardening phase (Al,Cu). The change
of morphology of structural components significantly affects the
fracture surface of Al-alloy. The fracture morphology changes
gradually from dominant brittle transcrystalline cleavage frac-
ture to ductile fracture with numerous small dimples (locally
presence the cleavage fractures of Fe-rich phases).
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1 Introduction

In recent years are aluminium alloys uses in applications in
the industries of aerospace, automotive and even commercial
products. In particular, the automotive industry demands both
low weight and low cost materials in order to reduce fuel emis-
sions and improve fuel economy at affordable prices (Grayson,
G. N. et al. [1]). The need for aluminium alloys having a good
toughness, high strength, adequate damage tolerance capabil-
ity, good fatigue resistance and good corrosion resistance for
use in industries led to study of the properties and the structure
these materials (Srivatsan, T. S. et al. [2]). Today an increasing
amount of the aluminium going into producing new aluminium
alloy products is coming from recycled products (Fig.[I). Nowa-
days, recycled metal become more available what is a posi-
tive trend by all means. Secondary metal produced from re-
cycled metal requires only about 2.8 kWh/kg of metal produced
while primary aluminium production requires about 45 kWh/kg
of metal produced. It is to the aluminium industry’s advantage
to maximize the amount of recycled metal, for both the energy-
savings and the reduction of dependence upon overseas sources.
Increasing the use of recycled metal is also quite important from
the ecological standpoint, since producing aluminium by recy-
cling creates only about 4% as much CO, as by primary produc-
tion (Das, S. K. [3]).

Fig. 1. The examples of the use of recycled AlISi9Cus3 cast alloy - aluminium
engine block (www.shelmetcastings.com [4])

The quality of recycled Al-Si casting alloys is considered to
be a key factor in selecting an alloy casting for a particular engi-
neering application. The Al-Si-Cu cast alloy contains a certain
amount of Fe, Mn and Mg that are present either accidentally,
or they are added deliberately to provide special material prop-
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erties. These elements partly go into solid solution in the matrix
and partly form intermetallic particles during solidification. The
size, morphology and volume of intermetallic phases are func-
tions of chemistry, solidification conditions and heat treatment
(Rios, C. T. et al. [5]; Li, R. [6]; Paray, F. et al. [7]). lron
is a common impurity in Al- alloys. Fe-containing intermetal-
lic are formed between the aluminium dendrites (a-matrix). The
type of Fe-phase formed depends mainly on the cooling rate and
the Fe to Si ratio of the alloy. Fe-rich intermetallic phases can
adversely affect mechanical properties, especially ductility, and
also lead to the formation of excessive shrinkage porosity de-
fects in castings (Caceres, C. H. et al. [8]). Morphology of Fe-
rich phases influences harmfully the fatigue properties (Wang,
Q. G. etal. [9]). The dominant Fe-phase is plate/needle-like
AlsFeSi phase which is very hard and brittle and has relatively
low bond strength with the matrix. AlsFeSi needles are more
unwanted, because adversely affect mechanical properties, espe-
cially ductility. The deleterious effect of AlsFeSi can be reduced
by increasing the cooling rate, superheating the molten metal, or
by the addition of a suitable “neutralizer” like Mn, Co, Cr, Ni,
V, Mo and Be. The most common addition is Mn. Excess Mn
may reduce AlsFeSi phase and promote formation Fe-rich phase
Al;5(FeMn)3Si, in form of skeleton-like or in form of Chinese
script (Rios, C. T. et al. [5]; Taylor, J. A., [10]; Seifeddine, S. et
al., [11]; Samuel, A. M. et al. [12]; Moustafa, M. A. et al. [13]).
By reaction: Lig. + AlsFeSi — Al + Si + Alys(FeMn)3Si, the
AlsFeSi platelets are transformed into the Al 5(FeMn)3Si; phase
that does not appreciably reduce the ductility. In Al-Si-Cu alloys
were detected various types of Cu-phases: Al,Cu, Al-Al,Cu-Si
and AlsMggCu,Sig (Rios, C. T. et al. [5]; Taylor, J. A. [10]).
Al,Cu phase is often observed to precipitate both in a blocky
shape and Al-Al,Cu-Si in fine multi-phase eutectic-like deposits
(Martinez D.E.J. et al. [14]). Samuel et al. [12] reported that
these two shapes may be observed in castings cooled at very dif-
ferent rates, with apparently a lower proportion of blocky pre-
cipitates as the cooling rate are increased. In unmodified al-
loys copper is present primarily as Al,Cu or Al-Al,Cu-Si phase
(Samuel et al. [12]; Martinez D. E. J. et al. [14]). The morphol-
ogy of structure components indicates the mould of the fracture
surface. The overall appearance of the fracture surface depends
not only on the matrix (a-phase), but also on the shape and size
of eutectic Si and intermetallic phases. The matrix is charac-
terized by high plasticity while the crystals of eutectic silicon
and intermetallic phases have higher values of hardness and al-
most zero values of plastic properties. Therefore, the fracture
surface of Al-Si alloys is creating with ductile fracture of matrix
and cleavage fracture of hard and brittle structural components
(eutectic Si and intermetallic phases) (Tillova, E. et al. [15]).

The present study was conducted to investigate and to pro-
vide a better understanding of the influence of heat treatment to
changes of morphology of structural parameters and influence
these changes on the fracture surface in recycled AISi9Cu3 cast
alloy.

2 Experimental material and procedure

As an experimental material was used recycled (prepared
from less clean, so-called metallurgical clean aluminium scrap)
hypoeutectic AISi9Cu3 cast alloy. The AISi9Cu3 alloy was re-
ceived in the form of 12.5kg ingots. Experimental material
was cast into the chill (chill casting). The melting tempera-
ture was maintained at 760°C + 5°C. Molten metal was puri-
fied with salt AICu,sBg before casting and was not modified or
grain refined. There semi-products - bars were cast, which were
then machined to produce tensile test samples (g 14 x 20 mm).
Chemical composition was carried out by using arc spark spec-
troscopy and was (wt.%): 10,7Si; 2,4Cu; 0,25Mn; 1Zn; 0,26Mg;
0,9Fe; 0,1Ni, 0,05Ti; 0,02Sn; balance Al. AISi9Cu3 cast al-
loy has lower corrosion resistance and is suitable for high tem-
perature applications (dynamic exposed casts, where are not so
big requirements on mechanical properties) - it means to max.
250°C.

Experimental cast samples were heat treated in order to af-
fect the phase’s morphology. Heat treatment consisted of solu-
tion treatment at temperature 515°C; water quenching at 40°C
and artificial aging at different temperature 130°C, 170°C and
210°C with different holding time 2, 4, 8, 16 and 32 hours. Af-
ter heat treatment the samples were subjected to a mechanical
test. Hardness measurement was performed by a Brinell hard-
ness tester (HBW 2.5/62.5/15) with the load of 62.5kp, 2.5 mm
diameter ball and the dwell time of 15s according to standard
STN EN ISO 6506. The Brinell hardness value at each state
was acquired as average of at least six measurements. The static
tensile test was performed for experimental samples in as-cast
state and after heat treatment on a tensile machine ZDM 30 at
21°C according to standard STN EN 10003-1. Values of ulti-
mate tensile strength are determined by the average of value of
three test bars.

The metallographic samples were cut from the selected tensile
specimens (after testing), prepared by standard metallographic
procedures and etched by 0.5% HF. Some samples were also
deep-etched for 30 s in HCI solution in order to reveal the three-
dimensional morphology of the silicon phase or intermetallic
phases (Tillova, E. et al. [16}/17]). The structures were studied
using an optical (Neophot 32) and scanning electron microscope
(SEM) VEGA LMU 1.

3 Results

Heat treatment led to changes in mechanical properties, espe-
cially in hardness (Hurtalovd, L. et al. [18]; Tillova, E. et al.
[19]). Fig.[2](a) shows the variation in hardness with aging time
2,4,8,16 and 32 h. at different temperatures. It can be seen that
there is an obvious age-hardening phenomenon for each curve.
At the early stage of aging for temperature 130°C the hardness
increases with aging time until reaches the first peak (after 4
hours). At intermediate stage of aging, after a little decrease the
hardness increases again and reaches the potential second peak
(above 32h). The final stage of aging, when the hardness de-
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creases as a result of over-aging, was not observed. For samples
aged at temperature 170°C a single aging peak after 8h. and
next a hardness high plateau from 8 to 32 h. was measured. Af-
ter age-hardening at 210°C were observed effect of over-aging.
Highest Brinell hardness was 140 HBW for 515°C/4 hours and
artificial aging 170°C/from 8 to 32 hours.
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Fig. 2. The changes of mechanical properties during heat treatment

The results of tensile properties are shown in Fig. [2] (b). It
can be found that the double aging peaks were only for temper-
ature 170°C measured. The first aging peak after holding time
4h. and the second after holding time 16 h. were observed.
At this aging temperature was highest strength tensile 311 MPa
measured. The results of mechanical test determined as opti-
mum heat treatment for experimental material treatment consist
of: solution treatment at 515°C with holding time 4 hours, artifi-
cial aging at 170°C with holding time 16 hours. The changes of
morphology of structure parameters are therefore documented
for holding time 16 hours.

The Al-Si eutectic and intermetallic phases form during the
final stage of the solidification (Martinez, D. E. J. et al. [14];
Tillova, E. et al. [15]; Dobrzanski, L. A. et al. [20]). Typi-
cal microstructures of the Al-Si-Cu as-cast alloys are shown in
Fig.[3](a) and[3] (b).

The microstructure (Fig.[3)(a)) of recycled Al-Si-Cu cast alloy
consists of dendrites a-phase (1) (light grey), eutectic (2) (mix-
ture of a-matrix and spherical dark grey Si-phases) and various
types of intermetallic phases (3), (4). The a-matrix precipitates
from the liquid as the primary phase in the form of dendrites
and is nominally comprised of Al, Si and Cu. The different in-
termetallic phases are concentrated mainly in the interdendritic

(b) dep etch. HCI, BSE, SEM

Fig. 3. Microstructure of secondary AISi9Cu3 alloy in as-cast state

spaces. Iron has a very low solid solubility in Al-alloy (max-
imum 0.05% at equilibrium Fey; ~0.075 x (%Si) — 0.05), and
most of Fe form a wide variety of Fe-containing intermetal-
lic depending on the alloy composition and its solidification
conditions (Taylor, J. A. [10]; Seifeddine, S. [21]]). In accor-
dance with Taylor [10], the two main types of Fe-rich inter-
metallic phases (Alis(FeMn)3Si; and AlsFeSi) in experimental
AISi9Cu3 alloy were observed. The Al;5(MnFe);Si, has a com-
pact skeleton-like morphology (Fig.[3](b)). AlsFeSi phases pre-
cipitates in the interdendritic regions as platelets (needle like
form when observed via microscope). Because in experimen-
tal material was satisfied condition Fe: Mn=2:1, intermetallic
phases in needles form were observed very sporadically. In re-
cycled AlSi9Cu3 alloy was analysed Al-Al,Cu-Si phases (4) in
very fine multi-phase eutectic-like deposits (with microhardness
280HV 0.01 (Tillova, E. et al. [16][17]; Maniara, R. et al. [22]).

The effect of age-hardening on morphology of eutectic Si and
intermetallic phases is documented in Figures[4]-[7] Eutectic Si
(— 1) without heat treatment (untreated as-cast state) occurs in
platelets form (Fig.[3|(a),[3) (b) and[d). After heat treatment at all
temperatures of artificial aging were noted that the Si platelets
were spheroidized to rounded shape (Figures[5|and|6).

The Alys(FeMn)3Si, phase (— 2) has in as-cast state a com-
pact skeleton-like morphology (Fig.[3|(a) and[3|(b)). During heat
treatment compact phase dissolved and fragmented to smaller
skeleton particles (Fig. [7). The solution treatment and long
aging time of artificial aging have significant affect on Fe-rich
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Fig. 4. 3D morphology of structure parameters in as-cast state

(1 - Si-particles; 2 - Fe-rich phase)

Fig. 5. 3D morphology of structure parameters after heat treatment

515°C/ 4h + 130°C/ 16h

Fig. 6. 3D morphology of structure parameters after heat treatment

515°C/4h + 170°C/ 16h

phase’s morphology. Al-Al,Cu-Si phase without heat treatment
(as-cast state) occurs in form of compact oval troops (Fig. [3 (a)
and [3] (b)). After age-hardening compact Al-Al,Cu-Si phase
disintegrate to Al,Cu particles. These phases were observed in
form very small particles for every temperatures of artificial ag-

ing.

130°C 170°C 210°C

Fig. 7. Morphology of Fe-rich phases after heat treatment

The morphology of fracture surfaces was evaluated by us-
ing a scanning electron microscope on the samples after ten-
sile test. The fracture surface was influenced very significantly
by structural components (eutectic silicon, intermetallic phases)
and their distribution in the cross section. The fracture morphol-
ogy of AISi9Cu3 in as-cast state (Fig.[8|(a) and[8] (b)) is cellular.
Cellular fracture is typical for material, where the microstruc-
ture components have different mechanical properties. On the
cellular fracture surface, the features of both brittle and duc-
tile fracture are present simultaneously. The fracture surface of
experimental samples consists of transcrystalline cleavage and
ductile fracture. Transcrystalline cleavage fracture is dominant
in as-cast state. Cleavage fracture is related to the presence of
large hexagonal plate-like Si particles and also hard and brittle
iron intermetallic phases in the structure of experimental mate-
rial. The transcrystalline ductile fracture of Al-matrix (a-phase)
is observed in the smaller surface, despite the fact that the Al-Si
alloys are breaking exclusively by transcrystalline ductile frac-
ture. The brittle Si-particles (in form platelets) are surrounded
with a relatively soft matrix and sometimes isolated. Due to the
strong cohesion at the interfaces between a-matrix and silicon,
the matrix is deformed under local active stress. The cells are
formed around the silicon-cracked particles by plastic deforma-
tion of the matrix. The traces of these events are visible as the
high tear ridges on the fracture surface.

For better identification the fracture of intermetallic phases on
fracture surface is need to use the backscattered electrons (BSE)
- Fig. B (b). The backscattered electrons are beam electrons that
are reflected from the sample by elastic scattering. BSE are of-
ten used in analytical SEM, because the intensity of the BSE
signal is strongly related to the atomic number of the specimen,
BSE images can provide information about the distribution of
different elements in the sample. The fracture surface of heat
treated samples is documented in Figures[9] (a), (b),[I0](a), (b).

The transcrystalline ductile mechanism is dominant for break-
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(b) application BSE to highlight the cleavage of eutectic
Si and hard Fe-phases

Fig. 8. Character of fracture surface in as-cast state, static tensile test, SEM

ing after age hardening. This mechanism dominates, because
silicon particles (— 1) were spheroidized and Fe- rich inter-
metallic phases (— 2) were fragmented and dissolved after
heat treatment. The shape and size of the dimples are deter-
mined by the size and distribution of eutectic silicon particles
(Figures [9] (a), [I0] (a)). On the fracture surface was observed
the transcrystalline cleavage fracture in a few isolated cases
in compare with as-cast state. This type of fracture is related
with the appearance of Fe-intermetallic phases in the structure
(Fig.[9] (b), [I0] (b)). Copper intermetallic phases brakes by tran-
scrystalline ductile mechanism at each state of samples (with
and without treatment). Changes were only in size of pitting on
fracture surface. The pitting of transcrystalline ductile fracture
was grosser in samples in as-cast state as in samples after age-
hardening. Age-hardening led to disintegrate of Cu-rich phases
and so the pitting of transcrystalline ductile fracture was smaller
in compare with as-cast state (without heat treatment).

4 Conclusions

In the present study was studied the influence of heat treat-
ment and phase’s morphology on the fracture surfaces in recy-
cled aluminium cast alloy with 9% Si and 3% Cu. From the
analysis of the results the following conclusions can be drawn:

The age-hardening caused changes of eutectic Si, Fe-rich
phases and Cu-rich intermetallic phases. Eutectic Si without
heat treatment (in as-cast state) occurs in platelets form. After
heat treatment the Si platelets spheroidized to rounded shape.

(b) application BSE to highlight the cleavage of eutectic
Si and hard Fe-phases

Fig. 9. Character of fracture surface after heat treatment
515°C / 4h + 130°C/ 16h, SEM

) o  FPEAES ' [ s e
(b) application BSE to highlight the cleavage of eutectic
Si and hard Fe-phases

Fig. 10. Character of fracture surface after heat treatment
515°C/ 4h + 170°C/ 16h
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Skeleton-like Al;5(FeMn);Si, phases are dissolved and frag-
mented. Al-Al,Cu-Si phases are fragmented, dissolved and re-
distributed within @-matrix. The dissolution of Cu-rich phases
led to increases concentration of Cu and other alloying ele-
ments (Mg, Si) in the aluminium matrix during hardening. Cu
also creates dispersed intermetallic precipitates and increases
the overall matrix strength by a mechanism called the precipita-
tion strengthening effect The change of morphology of structural
components significantly affects the fracture surface of Al-alloy.
The fracture surface of as-cast state consists of transcrystalline
cleavage and ductile fracture. Transcrystalline cleavage fracture
is related to the presence of large hexagonal plate-Si particles in
the structure and also brittle iron intermetallic phase’s dominant.
After age-hardening the transcrystalline ductile mechanism is
observed. This mechanism dominated, because silicon particles
were spheroidized and Fe-rich intermetallic phases were frag-
mented and dissolved. On the fracture surface was observed the
transcrystalline cleavage fracture in a few isolated cases in com-
pare with as-cast state. This type of fracture is related with the
appearance of intermetallic phases based on iron in the struc-
ture. Copper intermetallic phases are brake by transcrystalline
ductile mechanism at each state of samples (with and without
treatment).
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